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ABSTRACT
Anthonomus santacruzi Hustache (Coleoptera: Curculionidae) was
released in South Africa to offset the extensive reproductive output
of the invasive tree Solanum mauritianum Scopoli (Solanaceae).
Widespread establishment has occurred predominantly in the
coastal areas of KwaZulu-Natal province, with limited success in
higher-altitude inland areas. Irrespective of location, populations
exhibit peaks in the austral autumn and decline during winter. In
this study, we evaluated the persistence of A. santacruzi
populations in climatically-optimal coastal areas versus climatically-
marginal inland areas. The weevil’s pre- and post-winter
abundance was surveyed at six coastal and six inland sites during
2018, and compared between areas and seasons. The 2018 pre-
winter data were also compared to 2016 pre-winter data collected
at the same sites. During 2018, pre- and post-winter numbers were
six times and 22 times higher, respectively, at optimal sites than at
marginal sites, with substantial winter declines at all sites. Post-
winter weevil numbers at optimal sites were significantly higher
than pre-winter numbers at marginal sites. Pre-winter numbers at
optimal sites were not significantly different between 2016 and
2018, but at marginal sites were significantly lower in 2018.
Inflorescences of S. mauritianum at marginal sites contained
significantly more floral material and fruit than those at optimal
sites, during both seasons in 2018. Significant negative correlations
between A. santacruzi numbers and floral/fruit production suggest
some impact on the reproductive output of S. mauritianum. Since
A. santacruzi populations are barely persisting in marginal areas,
releases in other South African provinces should target locations
that are below 300 m in altitude.
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Native to several South American countries, Solanum mauritianum Scopoli (Solanaceae)
is a small tree that has become invasive in Australia, India, Madagascar, New Zealand and
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South Africa (Cowie, Venter, Witkowski, Byrne, & Olckers, 2018; Olckers, 2009, 2011).
Commonly known as bugweed or woolly nightshade, the plant displays several features
that facilitate its invasiveness. Plants exhibit rapid growth rates and allelopathic effects,
reaching a height of 2–10 m, and can persist for 20–30 years (Olckers, 2011; Van Den
Bosch, Ward, & Clarkson, 2004). Inflorescences produce flowers throughout the year
and regularly bear globular fruits that are consumed by frugivorous birds and bats, ensur-
ing long-distance seed dispersal (Jordaan, Johnson, & Downs, 2011; Olckers, 2011).
Mature trees can produce up to 200,000 viable seeds annually, contributing to extensive
seed banks that sustain the weed’s populations (Goodall, Denny, & Campbell, 2017)
and facilitate its reinvasion after chemical or mechanical control operations (Olckers,
2009). In South Africa, S. mauritianum populations inhabit a range of soils, vegetation
types and climatic zones, but are particularly prevalent in the eastern higher rainfall
regions of the country, where their distribution ranges from coastal to high-altitude
areas (Henderson, 2001; Olckers, 2011).
In South Africa, invasions by S. mauritianum negatively affect agricultural land, for-
estry plantations and natural vegetation in riparian zones and conservation areas
(Cowie et al., 2018; Olckers, 1999). Mechanical and chemical control methods have
often proved ineffective due to increased weed densities resulting from regrowth and rein-
vasion by seedling succession in cleared areas (Witkowski & Garner, 2008). Biological
control was thus implemented in South Africa in 1999, with two insect agents released
so far (Cowie et al., 2018; Olckers, 1999, 2011). The most recent of these is the
flowerbud weevil Anthonomus santacruzi Hustache (Coleoptera: Curculionidae) which
was imported from Argentina and released in late 2008 to offset the extensive fruit pro-
duction of S. mauritianum populations (Olckers, 2003). Adult weevils feed on open
flowers, flower buds and young leaves, causing the abscission of floral material but also
facilitating self-pollination that further reduces the weed’s seed production (Cowie, Wit-
kowski, Byrne, & Venter, 2017). Adults live for up to six months and females can each
deposit over 50 eggs in the flower buds which are then destroyed by the developing
larvae, preventing subsequent flowering and fruiting (Olckers, 2003).
Anthonomus santacruzi has become widely established in KwaZulu-Natal Province,
where S. mauritianum is particularly abundant and where extensive releases were under-
taken during 2011–2014 (English &Olckers, 2018). Post-release surveys of S. mauritianum
populations at coastal and inland sites in KwaZulu-Natal during 2014–2015 revealed that,
irrespective of location, A. santacruzi populations display seasonal patterns of abundance,
with numbers consistently peaking in the austral autumn (April/May) and declining
sharply during winter (July) (English & Olckers, 2018). Studies on the weevil’s physiologi-
cal tolerances revealed that climatic variables, notably low winter temperatures and
humidity, were likely to prevent its establishment in high-altitude regions (Cowie,
Venturi, Witkowski, & Byrne, 2016). It is also possible that the direct effects of winter
in reducing the growth of S. mauritianum and the quality of its inflorescences may
further decrease the weevil’s abundance (Cowie et al., 2018; English & Olckers, 2018).
The influence of altitude, and thereby temperature and humidity, on the performance
of A. santacruzi in the field was subsequently confirmed (Singh & Olckers, 2017).
Surveys at 23 sites across an altitudinal gradient in KwaZulu-Natal, during the weevil’s
pre-winter population peaks (May), revealed a strong and significant negative correlation
between mean A. santacruzi numbers and altitude. While coastal sites supported the
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highest weevil numbers, higher-altitude inland sites supported significantly lower
numbers of weevils (Singh & Olckers, 2017).
The aim of this study was to compare the persistence of A. santacruzi at various sites in
KwaZulu-Natal that were previously identified (Singh & Olckers, 2017) as optimal (i.e.
coastal) and marginal (i.e. higher altitude). For comparison, surveys of S. mauritianum
inflorescences at these sites were conducted during the weevil’s population peak (May)
and after its winter decline (September) in 2018. In addition, the May 2018 data were com-
pared to data collected in May 2016 (Singh &Olckers, 2017) at the same sites. We expected
that populations of A. santacruzi would persist better at the optimal sites and that winter
declines at the marginal sites would be more severe, with possible temporal extinctions.
We also expected to find that A. santacruzi numbers had increased between 2016 and
2018, at least at the optimal sites.
Materials and methods
Study sites
Surveys of healthy populations of S. mauritianum were conducted at 12 sites in KwaZulu-
Natal that were previously sampled in 2016 (Singh & Olckers, 2017). Six sites were located
along the coast, where conditions were physiologically optimal for the weevil, while six
were located inland, where the higher altitudes ensured conditions that were marginal
for the weevil’s persistence. Coastal sites were not more than 8 km from the coastline,
while inland sites were within a distance of 60–75 km from the coastline (Table 1).
Sampling procedure
Sampling was conducted in May and September 2018, to coincide with the weevil’s popu-
lation peak and after its winter decline, respectively. To ensure consistency with the
samples collected in 2016 (Singh & Olckers, 2017), 10 S. mauritianum trees bearing inflor-
escences with open flowers and flower buds were randomly selected on each sampling
occasion. One inflorescence was carefully removed from each tree and placed in a
Table 1. Surveyed sites in KwaZulu-Natal Province, South Africa that were deemed to be marginal
versus optimal for Anthonomus santacruzi.
Sites (code) GPS coordinates Altitude (m a.s.l.) Distance from coast (km) Year of release a
Marginal sites
Hella Hella (HH) 29°51′06′′ S 30°13′40′′ E 1130 70 2011
World’s View (WV) 29°35′02′′ S 30°19′53′′ E 1070 75 2016*
Thornville (TH) 29°44′10′′ S 30°23′01′′ E 954 61 2014*
Chase Valley (CV) 29°33′20′′ S 30°21′22′′ E 845 72 2012
New Hanover (NH) 29°21′19′′ S 30°31′31′′ E 793 65 2011
Mkondeni (MK) 29°38′13′′ S 30°23′59′′ E 728 64 2011
Optimal sites
Sezela (SZ) 30°24′28′′ S 30°38′17′′ E 103 4 2013
Tongaat (TG) 29°35′10′′ S 31°08′57′′ E 103 2.5 2011
Kingsburgh (KH) 30°05′45′′ S 30°50′58′′ E 83 <1 2016*
Gingindlovu (GI) 29°01′56′′ S 31°35′17′′ E 66 8 2016*
Stanger (SR) 29°20′17′′ S 31°18′19′′ E 56 6 2016*
Umkomaas (UM) 30°12′03′′ S 30°47′15′′ E 17 1.5 2009
aReleases carried out in the general vicinity of the study site. Asterisks denote sites where the weevil arrived without inter-
vention and when populations were first recorded.
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plastic Ziploc™ bag. The sampled inflorescences were stored in a freezer at the University
of KwaZulu-Natal (Pietermaritzburg campus) to prevent oviposition by adult weevils and
thereby inaccurate population estimates. The numbers of each reproductive stage (i.e.
flower buds, open flowers and fruit) were recorded for each sampled inflorescence. The
flowers and flower buds were then inspected under a dissecting microscope and the
numbers of adults and immature stages (i.e. eggs, larvae and pupae) of A. santacruzi
(see Gosik, Sasa, & Witkowski, 2017) were recorded per inflorescence.
Statistical analysis
The statistical analyses were conducted using IBM SPSS version 25.0. For the 2018 dataset,
the mean numbers of floral components (flowers and flower buds combined), fruit and
weevils (adults and immatures combined) per inflorescence of S. mauritianum were com-
pared between the two months (May and September) and the two site categories (marginal
and optimal). For comparison with the 2016 dataset, these variables were compared
between the two years (May 2016 and May 2018) and the two site categories. Since the
datasets did not meet the assumptions of normality, the influence of month (or year)
and site category, and their interaction, on these numbers was determined using general-
ized linear modelling. The models analysed count data and thus incorporated a Poisson
distribution (corrected for over-dispersion) and log link function, with significance (P <
0.05) assessed using Wald chi-square statistics. When significant month/year and site
interactions were detected, post-hoc paired comparisons (least significant difference)
were performed.
The 2018 data were used to determine the strength of several associations, in which the
May and September data were analysed separately. Since the datasets did not meet the
assumptions of normality, the association between the mean numbers of A. santacruzi
(all stages) per inflorescence of S. mauritianum and altitude was determined by Spearman’s
rank-order correlation. For the same reason, the associations between themean numbers of
A. santacruzi (all stages) and the mean amounts of floral material and fruit produced per
S. mauritianum inflorescence at the different sites were similarly determined.
Results
Weevil persistence across sites and seasons
Therewere significant differences in themean numbers ofA. santacruzi per S.mauritianum
inflorescence between the optimal and marginal sites (χ2 = 76.574, df = 1, P < 0.0005) and
across the two seasons (χ2 = 48.353, df = 1, P < 0.0005) that were sampled in 2018, with a
significant interaction between site and season (χ2 = 5.257, df = 1, P = 0.022). Optimal
sites located along the coast supported significantly higher numbers of A. santacruzi than
marginal sites located at higher altitudes, during autumn (May) and after winter (Septem-
ber) (Figure 1, 2A). During autumn, the mean (± SE) weevil numbers per inflorescence
ranged from 16.00 (± 4.01) to 20.30 (± 4.74) at the optimal sites, compared to only 0.20
(± 0.20) to 6.30 (± 0.91) at the marginal sites (Figure 1).
Weevil populations declined significantly during the 2018 winter (i.e. between May and
September) at all 12 sites (Figure 1). During early spring, the mean (± SE) weevil numbers
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per inflorescence ranged from 3.00 (± 0.39) to 7.10 (± 1.14) at the optimal sites, compared
to 0–1.00 (± 0.33) at the marginal sites (Figure 1). The winter declines were thus more
severe at the marginal sites, with no recoveries of A. santacruzi at three of the six sites
(Figure 1). Furthermore, post-winter A. santacruzi numbers at the optimal sites were sig-
nificantly higher than pre-winter numbers at the marginal sites (Figure 2A).
There was a significant negative association between mean weevil numbers per inflor-
escence and altitude (Figure 3) during both May (rs = 0.935, P < 0.0005, n = 12) and Sep-
tember (rs = 0.907, P < 0.0005, n = 12) of 2018. Coastal low-altitude sites were clearly
differentiated from higher-altitude inland sites in terms of weevil abundance, thereby ver-
ifying their designation as optimal and marginal sites, respectively (Figure 3).
Weevil persistence across sites and years
When comparing the same sites sampled in May 2016 and May 2018, there were signifi-
cant differences in the mean numbers of A. santacruzi per S. mauritianum inflorescence
between optimal and marginal sites (χ2 = 144.395, df = 1, P < 0.0005) and between the two
years (χ2 = 12.535, df = 1, P < 0.0005), with a significant interaction between site and year
(χ2 = 10.249, df = 1, P = 0.001). During the weevil’s pre-winter population peak, optimal
sites supported significantly higher weevil numbers than marginal sites in both years
(Figure 2B). Although there was no significant difference in pre-winter weevil numbers
between years at the optimal sites, there was a significant decline between 2016 and
2018 at the marginal sites (Figure 2B).
Floral and fruit production across sites and seasons
There were significant differences in the mean amounts of floral material per S. mauritia-
num inflorescence between the optimal and marginal sites (χ2 = 28.445, df = 1, P < 0.0005)
and across the two seasons (χ2 = 46.994, df = 1, P < 0.0005) that were sampled in 2018, with
Figure 1.Mean (+SE) numbers of Anthonomus santacruzi (all life stages combined) per inflorescence of
S. mauritianum at each of the study sites in May and September 2018. Sites are arranged in order of
decreasing altitude (see Table 1).
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Figure 2.Mean (+ SE) numbers of Anthonomus santacruzi (all life stages combined) per inflorescence of
S. mauritianum in marginal versus optimal areas in May and September 2018 (A) and in May 2016 and
May 2018 (B). Means with different letters are significantly different (P < 0.05).
Figure 3. Association between the mean numbers of Anthonomus santacruzi per inflorescence of S.
mauritianum and altitude during May and September 2018.
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a significant interaction between site and season (χ2 = 4.935, df = 1, P = 0.026). Inflores-
cences from marginal sites contained significantly higher numbers of flowers and flower
buds than those from optimal sites, during autumn (May) and after winter (September)
(Figure 4A). Mean floral production declined significantly during the 2018 winter at
both marginal and optimal sites, with a sharper decline at marginal sites. There was no
significant difference in pre-winter floral production at optimal sites and post-winter
floral production at marginal sites (Figure 4A).
There were similar patterns in fruit production, as indicated by significant differences in
the mean amounts of fruit per S. mauritianum inflorescence between the optimal and
marginal sites (χ2 = 56.592, df = 1, P < 0.0005). Although there was no significant differ-
ence in fruit production across the two seasons (χ2 = 0.194, df = 1, P = 0.659) that were
Figure 4. Mean (+ SE) numbers of floral material (flowers and flower buds) and fruit (mature and
immature) per inflorescence of S. mauritianum in marginal versus optimal areas in May and September
2018 (A) and in May 2016 and May 2018 (B). Within each inflorescence category (floral/fruit), means
with different letters are significantly different (P < 0.05).
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sampled in 2018, there was a significant interaction between site and season (χ2 = 6.670, df
= 1, P = 0.010). Inflorescences from marginal sites contained significantly higher numbers
of fruit than those from optimal sites, during autumn (May) and after winter (September)
(Figure 4A). There was no significant difference between pre-winter and post-winter fruit
production in inflorescences from optimal sites (Figure 4A).
Floral and fruit production across sites and years
When comparing the same sites that were sampled in May 2016 and May 2018, there were
significant differences in the mean amounts of floral material per S. mauritianum inflor-
escence between optimal and marginal sites (χ2 = 39.813, df = 1, P < 0.0005) and between
the two years (χ2 = 12.989, df = 1, P < 0.0005). Inflorescences from marginal sites con-
tained significantly higher numbers of flowers and flower buds than those from optimal
sites, while overall floral production was significantly higher in May 2018 than in May
2016 (Figure 4B). Although approaching significance, the interaction between site and
year was not significant for floral production (χ2 = 3.581, df = 1, P = 0.058).
Similarly, there were significant differences in the mean amounts of fruit per S. maur-
itianum inflorescence between optimal and marginal sites (χ2 = 62.123, df = 1, P < 0.0005),
with higher fruit production at marginal sites (Figure 4B). Overall fruit production was not
significantly different between May 2016 and May 2018 (χ2 = 0.050, df = 1, P = 0.824) and,
although approaching significance, the interaction between site and year was not signifi-
cant for fruit production (χ2 = 3.800, df = 1, P = 0.051).
Weevil abundance in relation to floral and fruit production
There was a significant negative correlation between mean weevil numbers per inflores-
cence and the mean amounts of floral material produced per inflorescence across all
sites (Figure 5A) in May 2018 (rs =−0.762, P = 0.004, n = 12). Although negatively corre-
lated, the association was not significant (rs =−0.18, P = 0.569, n = 12) in September 2018
(Figure 5A). There was a significant negative correlation between mean weevil numbers
per inflorescence and the mean amounts of fruit produced per inflorescence across all
sites (Figure 5B) in both May 2018 (rs =−0.655, P = 0.021, n = 12) and September 2018
(rs =−0.711, P = 0.009, n = 12).
Discussion
This study confirmed that the establishment and persistence of A. santacruzi populations
in KwaZulu-Natal province is strongly influenced by locality (Singh & Olckers, 2017). Fur-
thermore, S. mauritianum populations in optimal (coastal) areas consistently supported
substantially higher weevil densities than those present in marginal (inland) areas. The
trend of decreasing A. santacruzi numbers with increasing altitude (Singh & Olckers,
2017) was also confirmed which, given the negative correlation between altitude and cli-
matic variables like temperature and humidity (Linacre, 1982; Wang, Sun, Cheng, & Jiang,
2011), is indicative of the abiotic constraints imposed by marginal areas. Our results also
confirmed substantial winter declines in A. santacruzi numbers (English & Olckers, 2018),
with populations in marginal areas considerably worse affected (92.6% decline) than those
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in optimal areas (73.3%). Furthermore, post-winter weevil numbers at optimal sites were
significantly higher than pre-winter numbers at marginal sites. While pre-winter weevil
populations in optimal areas were slightly, but not significantly, lower in 2018 than in
2016 (5.4% reduction), those in marginal areas were significantly reduced (55.5%) in 2018.
Despite A. santacruzi having increased its range in KwaZulu-Natal in recent years, with
establishment in several higher-altitude locations (Cowie et al., 2018; Singh & Olckers,
2017), it is clear that populations are barely persisting at these marginal sites. This is
influenced bymore extreme winter declines, since there were no recoveries ofA. santacruzi
at 50% of the marginal sites during the 2018 post-winter surveys. In addition, the low pre-
winter numbers in marginal areas suggest that cold winters (see Cowie et al., 2016) may
well be causing local extinctions in the more extreme sites, with later recolonization
during warmer periods. Releases of A. santacruzi in other South African provinces with
suboptimal site conditions (Cowie et al., 2016) have yielded similar results, with no estab-
lishment recorded around Johannesburg (1692 m) and Pretoria (1369 m) and only loca-
lized establishment recorded around Sabie (998 m). These high-altitude sites are
Figure 5. Association between the mean numbers of Anthonomus santacruzi and the mean numbers of
floral material (A) and fruit (B) per inflorescence of S. mauritianum during May and September 2018
across all sites.
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climatically poorly matched with the areas where the weevil was collected in Argentina
(46%, 48% and 66% for Johannesburg, Pretoria and Sabie, respectively). Indeed, the
Argentinean collection sites were typically below 200 m in altitude (Cowie et al., 2016;
Olckers, Medal, & Gandolfo, 2002).
In contrast, A. santacruzi populations, despite their winter declines, appear to be stable
in areas that are optimal for their persistence. Indeed, coastal areas in KwaZulu-Natal were
shown to be climatically more suitable for the weevil (72% match with Argentinean col-
lection sites), based on its thermal and humidity requirements (Cowie et al., 2016). The
stable population densities of A. santacruzi at coastal sites holds promise for further dis-
tribution and possibly higher numbers in the future. Furthermore, the negligible effect of
native predators associated with S. mauritianum inflorescences (English & Olckers, 2018;
Hakizimana & Olckers, 2013a, 2013b) supports the probability of the weevil’s continued
proliferation in optimal areas. Although, Singh and Olckers (2017) recommended that
further releases of A. santacruzi should be restricted to locations of <1000 m in altitude,
the results of this study suggest that an altitudinal cut-off of 200–300 m would be more
appropriate. It is clear that the genotype of A. santacruzi that was released in South
Africa is poorly adapted to the climatic conditions at higher-altitude marginal sites
(Cowie et al., 2016). Consequently, Cowie et al. (2018) recommended that additional
stocks of A. santacruzi should be sourced from higher-altitude locations in the native
range (see Pedrosa-Macedo, Olckers, Vitorino, & Caxambu, 2003) that better match the
climatic conditions in South Africa’s inland regions, to facilitate improved performance
at marginal sites.
Although A. santacruzi has been well established at various sites in KwaZulu-Natal for
5–10 years, its impact on the reproductive output of S. mauritianum is currently deemed
to be negligible (Cowie et al., 2018; English & Olckers, 2018). However, the results of this
study suggest that the presence of A. santacruzi is associated with reductions in floral/fruit
production in the field. As was recorded in 2016 (Singh & Olckers, 2017), inflorescences at
marginal sites produced significantly more floral material and fruit than those at optimal
sites, ensuring significant negative correlations between weevil numbers and floral/fruit
production. These trends are consistent with the results of cage trials, where adult
feeding alone caused reductions of 25% and 66% in floral and fruit production, respect-
ively, in S. mauritianum inflorescences (Cowie et al., 2017). This, together with the ten-
dency of adult feeding to promote self-pollination (Cowie et al., 2017) and the
destructive effects of larval feeding in flower buds, further illustrates the damage potential
of A. santacruzi. Over time, these factors may combine to offset the reproduction of
S. mauritianum and contribute more to its control, at least in climatically-optimal
coastal areas.
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